A region of subunit IV comprising residues 77-85 is identified as essential for interaction with the core complex to restore the bc 1 activity (reconstitutive activity). Recombinant subunit IV mutants with single or multiple alanine substitution at this region were generated and characterized to identify the essential amino acid residues. Residues 81-84, with sequence of YRYR, are required for reconstitutive activity of subunit IV, because a mutant with these four residues substituted with alanine has little activity, while a mutant with alanine substitution at residues 77-80 and 85 have the same reconstitutive activity as that of the wild-type IV. The positively charged group at R-82 and R-84 and both the hydroxyl group and aromatic group at Y-81 and Y-83 are essential. The interactions between these four residues of subunit IV and residues of core subunits are also responsible for the stability of the complex. However, these interactions are not essential for the incorporation of subunit IV into the bc 1 complex.
Introduction
Rhodobacter sphaeroides cytochrome bc 1 complex catalyzes electron transfer from ubiquinol to cytochrome c 2 in the cyclic photosynthetic electron transfer chain [1] . Oxidation of ubiquinol is coupled to the vectorial translocation of protons across the membrane to generate a pH gradient and membrane potential for ATP synthesis. The purified complex contains four protein subunits: the largest three housing two b-type hemes (b 566 and b 562 ), one c-type heme (c 1 ), and one high potential Rieske [2Fe2S] cluster, respectively, are the core subunits; the smallest one (subunit IV), containing no redox prosthetic group, is a supernumerary subunit [2] .
While studies of core subunits have been intensive and a wealth of information has been obtained, studies of the supernumerary subunit have been limited. It has been reported that the complexes containing no supernumerary subunit are less stable and have lower activity than those with supernumerary subunit [3] . The cytochrome bc 1 complexes purified from mitochondria of bovine heart and yeast and from chromatophores of R. sphaeroides and R. capsulatus, by a single chromatographic procedure, have, respectively, the turnover rates of 1152, 219, 128, and 64 s − 1 , and 8, 7, 1 and 0 supernumerary subunits [3] . These results seem to suggest that activity of cytochrome bc 1 complex correlates with the number of its supernumerary subunit. It should be noted that the activity of bc 1 complex varies substantially depending on the assay conditions and the investigators, for instance, the complex from P. denitrificans which contains no supernumerary subunit was reported to have a turn over number ranging from 145 s − 1 [5] to 500 s − 1 [4] . The higher activity of mitochondrial complex, compared to the bacterial complexes, may result from interaction of the core subunit with neighboring supernumerary subunits. Since R. sphaeroidesbc 1 complex has only one supernumerary subunit (subunit IV), it is an ideal system for studying supernumerary/core subunit interactions.
One effective way to study the interaction between the core complex and subunit IV is to reconstitute, in vitro, the cytochrome bc 1 complex from a subunit IV-lacking complex (three-subunit core complex) and mutant subunit IV. In order to employ this approach, methods for preparation of reconstitutively active, three-subunit core complex, and subunit IV must be developed.
A His-tagged, three-subunit core complex is prepared from chromatophores of a subunit IV-lacking R. sphaeroides (RSΔIV) [6] harboring fbcFBC H genes [7] in a low copy number plasmid, pRKD 418, by a method involving dodecylmaltoside solubilization followed by Ni-NTA affinity column chromatography. The purified complex contains only three subunits, cytochromes b and c 1 , and Rieske iron-sulfur protein [7] . This core complex has a fraction (25%) of the wild-type bc 1 complex activity with a 4-fold increase in the apparent K m for Q 2 H 2 .
Recently, subunit IV has over-expressed in Escherichia coli as a glutathione-S-transferase (GST) fusion protein using the pGEX/RSIVexpression vector [8] . Recombinant GST-IV fusion protein is purified from cell extracts with glutathione agarose gel. Purified recombinant subunit IV is obtained by thrombin digestion of the fusion protein followed by gel filtration to remove uncleaved fusion protein and thrombin. Addition of purified recombinant subunit IV to the His-tagged, three-subunit core complex restores enzymatic activity and K m for QH 2 to that of wild-type complex [8] , indicating that both the three-subunit core complex and recombinant subunit IV are reconstitutively active, and recombinant subunit IV can be properly assembled into the bc 1 complex. This success enables us to study the interactions between supernumerary and core subunits, using native or mutated subunit IV, by in vitro reconstitution.
By generation and characterization of C-terminal and Nterminal truncated subunit IV mutants, three regions of subunit IV: residues 41-53 (domain I), 77-85 (domain II), and 86-109 (domain III) were identified as essential for interaction with the core complex to restore the bc 1 activity [7] . Reconstitutive activity of subunit IV is believed to require the interaction of domains I and II with the core complex after it is incorporated into the core complex through domain III, which is the only transmembrane helix in the proposed model of subunit IV, constructed based on hydropathy plots of its amino acid sequence [9] . This suggestion is based on the observation that subunit IV mutants lacking domain III cannot incorporate into the bc 1 complex, while domain III alone can associate with core complex but does not restore bc 1 activity [7] .
Although deletion mutation studies have identified domains I and II as being required for reconstitutive activity of subunit IV, confirmation with substitution mutation is needed because the loss of activity observed for subunit IV mutants lacking these two domains may result from improper protein assembly or folding due to a large deletion and not from the essentiality of these two regions for activity. We have generated and characterized two subunit IV mutants with alanine substitution at domains I and II to unambiguously establish the region(s) that is required for interaction with the core subunit to restore bc 1 activity. After the region was established, we generated and characterized subunit IV mutants with single or multiple alanine substitution in the identified region(s) to identify essential residues. We also investigated the mode of interaction between subunit IV and the core complex and the effect of interaction on structural stability of the bc 1 complex.
Materials and methods

Materials
Dodecylmaltoside (DM) was purchased from Anatrace. The Ni-NTA resin used for purification of the His 6 -tagged cytochrome bc 1 complex was from Qiagen. Glutathione-agarose gel was from Sigma. R408 helper phage, pSELECT-1 vector, and BMH 71-18 mutS and JM 109 Escherichia coli strains used in Altered Sites mutagenesis system were from Promega. PfuTurbo DNA polymerase, DpnI, and XL1-Blue E. coli strain used in QuickChange mutagenesis system were from Stratagene. Restriction endonucleases and other DNA-modifying enzymes were purchased from Promega, Life Technologies, Inc., Strategene and New England Biolab. Expression vector pGEX-2T and Superdex 200 FPLC column were from Pharmacia. Primers and oligonucleotides were synthesized by the DNA/Protein Core Facility of Oklahoma State University. 2,3-Dimethoxy-5-methyl-6-geranyl-1, 4-benzoquinol (Q 2 H 2 ) was synthesized in our laboratory as previously described [10] .
Growth of bacteria
E. coli cells were grown at 37°C in LB medium. Extra-rich medium (TYP) was used in procedures for the rescue of single-stranded DNA. For photosynthetic growth of the plasmid-bearing R. sphaeroides cells, an enriched Siström medium containing 5 mM Glutamate and 0.2% casamino acids was used [11] . Antibiotics were added to the following concentrations: ampicillin, 100-125 mg/liter; tetracycline, 10-15 mg/l for E. coli and 1 mg/l for R. sphaeroides; kanamycin sulfate, 30-50 mg/l for E. coli and 20 mg/l for R. sphaeroides; trimethoprim, 25 mg/l for R. sphaeroides.
2.3. Generation of R. sphaeroides strains expression His-tagged, four-subunit and three-subunit Cytochrome bc 1 
complexes
The expression vector for His-tagged, wild-type, four-subunit cytochrome bc 1 complex (pRKDfbcFBC H Q) [11] , and the subunit IV deficient, three-subunit core complex (pRKDfbcFBC H ) [7] were constructed as previous described. pRKDfbcFBC H Q and pRKDfbcFBC H were mobilized into BC17 and RSΔIV, respectively, by parental conjugation [12] to generate pPRKD fbcFBC H Q/BC17 and pRKDfbcFBC H /RSΔIV, for expression His-tagged four-subunit and threesubunit complexes, respectively.
Preparations and assay of His 6 -tagged Cytochrome bc 1 complexes
The His 6 -tagged four-subunit wild-type complex and three-subunit core complex, were purified from chromatophores of photosynthetically grown pRKDfbcFBC H Q/BC17 [11] and pRKDfbcFBC H /RSΔIV [7] cells, respectively, according to the previously described method.
Cytochrome bc 1 complex activity was assayed as previously reported [11] . An appropriate amount of enzyme preparation (1-3 μM cytochrome b in 50 mM TriCl, pH 8.0, containing 100 mM NaCl and 0.01% DM (w/v)) was added to an assay mixture (1 ml) containing 50 mM Na + /K + phosphate buffer, pH 7.4, 1 mM EDTA, 100 μM horse heart cytochrome c (from Sigma) and 25 μM Q 2 H 2 . Activity was determined by measuring the reduction of cytochrome c (the increase in absorbance at 550 nm) in a Shimadzu UV-2101PC, at 23°C, using a millimolar extinction coefficient of 18.5 for calculation. The non-enzymatic reduction of cytochrome c by Q 2 H 2 , determined under the same conditions in the absence of enzyme, was subtracted from the assay.
Recombinant DNA techniques
Restriction enzyme digestion, large scale isolation and mini-preparation of plasmid DNA, agarose electrophoresis, purification of DNA fragments from gel matrices, and immunological screening of transformants for production of subunit IV mutants with antibodies against subunit IV were performed according to the protocols described by Sambrook et al. [13] .
Generation of E. coli strains expression GST-mutated IV fusion proteins
Mutations were constructed by site-directed mutagenesis using either the Altered Sites system from Promega Corp or the QuickChange system from Stratagene. The pGEX/IV and pSelect/IV plasmids were used as templates for the Quick Change mutagenesis system and the Altered sites system, respectively. The mutant oligonucleotides used are summarized in Table 1 .
The QuickChange system generates mutations by PCR amplifications which were performed in a minicycler from M. J. Research. The thermal cycle was setup as follows: step 1, 95°C for 30 s for initiation; step 2, 95°C for 30 s for denaturation; step 3, decreasing temperature slowly (1°C every 8 s) to 55°C; step 4, 55°C for 1 min for annealing; and step 5, 72°C for 12 min for extension. Steps 2 to 5 were repeated 19 times. The PCR product was treated with DpnI to digest the DNA template and select for the in vitro synthesized mutation-containing DNA, because DNA isolated from almost all E. coli strains was dam methylated and therefore susceptible to DpnI digestion, while the in vitro synthesized DNA was not. The DpnI treated product was then transformed into XL1-Blue competent cells. Plasmid purified from a single XL1-Blue colony was sequenced to confirm the mutation and then transformed into E. coli KS1000 cells.
Isolation of recombinant wild-type and mutants subunit IVs
Production of GST-IV or GST-IVm fusion protein by E. coli KS1000 carrying pGEX/RSIV or pGEX/RSIVm was essentially the same as that described previously [8] with modifications. 250-ml of overnight grown cultures with OD 600 nm = 0.6 -0.8 were used to inoculate 6-L of LB broth containing 125 μg/ml ampicillin and 2% glucose. The resulting culture was incubated at 23°C with vigorous shaking. When OD 600 nm of the culture reached 1.0 (usually 10-12 h from inoculation), IPTG was added to a final concentration of 0.2 mM, and grown at 23°C for 6 h before being harvested by centrifugation at 8000×g for 30 min. About 30-35 g cells were obtained and resuspended in 100 ml of 12 mM Na/K phosphate, pH 7.3, containing 140 mM NaCl and 2.7 mM KCl (PBS).
Cells were broken in a French press at 1000 p.s.i. During French pressing PMSF (500 mM in DMSO) was added to the cell suspension to a final concentration of 1 mM. Triton X-100 was added to the broken cell suspension to a final concentration of 1%. The suspension was stirred for 30 min at 0°C and centrifuged at 40,000×g for 20 min. The supernatant was mixed with 15 ml of glutathione-agarose gel equilibrated with PBS. This gel mixture was shaken gently for 30 min at room temperature and then packed into a column (1.6 cm × 20 cm). The column was washed with PBS containing 0.01% DM (w/v) until the OD 280 nm of the effluent was less than 0.01 before the GST/subunit IV fusion protein was eluted from the column with 10 mM glutathione in 50 mM Tris-HCl, pH 8.0, 0.01% DM. The fusion protein containing fractions were collected and concentrated to a protein concentration of 10 mg/ml by Centriprep-10. The fusion protein was treated with thrombin (1 NIH unit/ 1 mg fusion protein) at room temperature for 2 h to release subunit IV from GST. The thrombin-digested sample was dialyzed against 1 l of PBS buffer at 4°C, overnight, with three changes of buffer, to remove glutathionine. The dialyzed sample was first treated with a small amount of glutathione beads to partially remove the released GST, and then subjected to gel filtration with a Superdex-200 FPLC column to completely remove GST and thrombin. Purified wild-type and mutant subunit IVs contain no detergent and exist as soluble aggregates. The use of detergent-free subunit IV preparations in reconstitution Table 1 Oligonucleotides used for site-directed mutagenesis
The underlined bases correspond to the genetic codes for the amino acid(s) to be mutated. F and R in the parentheses denote forward and reverse primers, respectively. study is to avoid complications arising from variable detergent concentrations in the system, since reconstitutive activity of the three-subunit core complex is very sensitive to detergent concentration used. The detergent present in the core complex is sufficient to disperse subunit IV. The protein concentration of purified wild-type subunit IV was estimated by absorbance at 280 nm in the presence of 1% SDS, using a millimolar extinction coefficient of 32.0 cm − 1 . This extinction coefficient was calculated according to the number of tryptophan (Trp) residues and of tyrosine (Tyr) residues in the wild-type subunit IV sequence (5 Trp and 3 Tyr) by the following equation:
e 280 ½mM À1 cm À1 ¼ 5:50 Â n Trp þ 1:49 Â n Tyr [14] For subunit IV mutants whose composition of tryptophan and tyrosine has been altered, their extinction coefficients were calculated accordingly.
Differential scanning calorimetry (DSC) measurement
Calorimetric measurements were performed in a Nano-DSC II from Calorimetry Sciences Corp. All reference and sample solutions were degassed prior to use. A 0.55 ml of protein sample (2 mg/ml) was loaded into the sample cell, and the same volume of the buffer was loaded into the reference cell. The sample and the buffer were heated from 10°C to 90°C, cooled back to 10°C and heated again to 90°C, with the 1°C per min scanning rate for both the heating and the cooling. The cells were equilibrated at 10°C and 90°C for 10 min before the heating and the cooling, respectively. The difference of input heat flow between the sample cell and reference cell was recorded with 6 datapoints per°C, and plotted as a function of temperature by the data acquisition program DscRun, from the Nano DSC program group. The second heating was used as baseline for analysis. Transition temperature and enthalpy change of transition were calculated by using the CpCalc program from the Nano DSC program group.
Other biochemical methods
SDS-PAGE were performed by the method of Laemmli [15] . Cytochromes b [16] and cytochrome c 1 contents [17] were determined as previously described.
Results and discussion
A region comprising residues 77-85 is essential for reconstitutive activity of subunit IV
Our previous study [7] shows that subunit IV lacking residues 41-53 or residues 77-85 had a decreased ability in bc 1 activity restoration to the core complex (reconstitutive activity), indicating that these two regions are essential. However, it is a well-known fact that deletion mutations often cause protein to lose its functional activity due to improper assembly or folding and not to the essentiality of the deleted fragment. Therefore, to unambiguously establish the interacting region(s) of subunit IV required for reconstitutive activity, two subunit IV mutants with alanine substitution at residues 41-53 [IV(41-53)A] and 77-85 [IV(77-85)A] were constructed and characterized.
These two alanine substitution mutants are produced in E. coli as GST fusion proteins using constructed expression vectors, pGEX/IV(41-53)A and pGEX/IV(77-85)A, respectively. The yield and purity of these two recombinant GSTmutant IV fusion proteins are comparable to that of GST-wild type IV fusion protein. Purified recombinant subunit IV mutants are obtained from their respective fusion proteins by thrombin cleavage and gel filtration.
Addition of purified recombinant IV(41-53)A mutant to the three-subunit core complex restores the cytochrome bc 1 complex activity to the same level as that of the recombinant wild-type IV (see Table 2 ). On the other hand, addition of purified, recombinant IV(77-85)A mutant to the three-subunit core complex restores only 15% of the bc 1 activity (see Table  2 ). These results indicate that some specific residues at positions 77-85, but not at positions 41-53, are required for reconstitutive activity of subunit IV. The loss of activity previously observed in a subunit IV mutant lacking residues 41-53 [5] must result from the improper folding or assembly due to the deletion.
Identification of residues essential for reconstitutive activity of subunit IV
After establishing that residues 77-85 are required for reconstitutive activity of subunit IV, our next step is to identify the essential amino acid residues in this region (see Fig. 1 ). Recombinant subunit IV mutants with alanine substitution at each residue of this region were generated and their maximum reconstitutive activities determined (see Table 2 ). Mutants IV (V78A), IV(L85A) (T77A), IV(W79A), and IV(K80A) have the same or more than 95% of reconstitutive activity as that of the wild-type IV, indicating that these residues are not essential. To further confirm the non-essentiality of these five residues, a mutant with all these five residues replaced with alannine, [IV (77-80, 85)A], was generated and characterized. As expected, purified recombinant IV (77-80, 85)A mutant has about 99% of the reconstitutive activity of the wild-type IV (see Table 2 ), confirming their nonessentiality. Table 2 Reconstitutive activity of subunit IV mutants a 180 μl aliquots of His 6 -tagged three subunit core complex, 3.3 μM cytochrome b, in 50 mM TrisCl buffer, pH 8.0 containing 100 mM NaCl and 0.01% dodecylmaltoside, were mixed with 20 μl of purified recombinant wildtype and mutant subunit IVs, 60 μM, in 50 mM TrisCl buffer, pH 8.0, containing 100 mM NaCl, 0.01% dodecylmaltoside and 20% glycerol. The mixtures were incubated at 4°C for 1 h before the bc 1 activity was determined. The 100% reconstitutive activity represents the bc 1 activity restoration to the three-subunit core complex upon addition of recombinant, wild-type IV. Every data point is average of at least three repetitions; the deviation between repetitions is less than 2%.
In contrast, a significant reduction of the reconstitutive activities was observed in mutants IV(Y81A), IV(R82A), IV (Y83A), and IV(R84A). They have, respectively, 83%, 77%, 80%, and 76% of the reconstitutive activity, indicating that these four residues are important. To further confirm the essentiality of these four residues, a subunit IV mutant, in which all of these four residues are replaced with alanine [IV(81-84)A], was constructed and characterized. The IV(81-84)A mutant has 20% of the reconstitutive activity, similar to that observed for the IV(77-85)A mutant (see Table 2 ). This result not only confirms the requirement of residues 81-84 of subunit IV for activity, but it also suggests that the function of these four residues is additive.
Identification of functional important groups in residues 81-84 of subunit IV
It has been suggested [5] that the reconstitutive activity of subunit IV involves specific interaction, in addition to physical association with core complex through the transmembrane helix (residues 96-109) region of subunit IV. Since residues 81-84, YRYR, are essential for interaction with the core complex to exert reconstitutive activity, it is of interest to see what type of interaction is involved.
R82 and R84 contain positively charged side chain, thus their involvement in ionic interaction with the core complex is examined. When R82 and R84 is each replaced with glutamate, the resulting mutant subunit IVs, R82E and R84E, have, respectively, 56% and 55% of the reconstitutive activity (see Table 2 ). On the other hand, when R82 and R84 are each replaced with lysine, the resulting mutants IV (R82K and R84K) have about the same reconstitutive activity as the wild-type IV, indicating that a positively charged side chain in the R82 or R84 of subunit IV is essential; it provides ionic interaction with negatively charged residues in the core subunits. Since an additive mutational effect is observed for alanine substitutions at residues 81-84, it is of interest to see the mutational effect of a mutant with both R82 and R84 substituted with glutamate [IV(R82E, R84E)]. Surprisingly, the double mutant, IV(R82E, R84E) still has 55% of the reconstitutive activity, suggesting that the maximum ionic interaction providing by these two ariginine residues accounts for only about 50% of the reconstitutive activity. The exact interaction partner of these residues will have to wait until the high resolution structure becomes available.
The Y81 and Y83 of subunit IV possess both aromatic and hydroxyl groups. To determine which of these two functional groups are involved, each of the two tyrosine residues was replaced with threoine and phenylalanine and determined their reconstitutive activity. Mutants IV(Y81T) and IV(Y83T), have , respectively, 63% and 58% of the activity; mutants Y81F and Y83F, have, respectively, 83% and 87% of the activity. These results indicate that both the aromatic and hydroxyl group in Y81 and Y83 are important; the aromatic group is more important than the hydroxyl group. It should also be noted that there is no additive mutational effect observed when the mutant with both Y81 and 83 replaced with threonine [IV(Y81, 83T)] or with phenylalanine [IV(Y81,83F)]. Double mutants, IV(Y81, 83T) and (Y81,83F), have, 60% and 82% of the reconstitutive activity, respectively, similar to that of the single threonine substitution mutants [IV(Y81T) and IV(Y83T)], or to that of singly phenylalanine substitution mutants [IV(Y81F) and IV (Y83F)].
The sequence of Y 81 R 82 Y 83 R 84 is critical, since when they are changed to R 81 Y 82 R 83 Y 84 , the resulting subunit IV mutant lost about 80% of reconstitutive activity (see Table 2 ). Since interaction of subunit IV with the core subunits through residues 81-84 is required for reconstitutive activity, it is important to see whether or not this interaction affects the binding affinity of subunit IV to the core complex. The purified recombinant wild-type and subunit IV mutants: IV(Y81A), IV (R82A), IV(Y83A), IV(R84A), IV(81-84)A, IV(R84E), IV (RYRY) were each incubated with a His-tagged, three-subunit core complex, for 1 h at 0°C. Three equal volumes of aliquots were withdraw from each mixture, applied to Ni-NTA columns, and washed, respectively, with 10 column volumes of buffers containing 0.01, 0.02, and 0.05% dodecylmaltoside before being eluted with a buffer containing 50 mM histidine.
SDS-PAGE analysis of column eluates indicates that the amount of wild-type and mutant IV associated with the core complex decreases as the detergent concentration in the washing buffer is increased (data not shown). However, the amount of each mutant IV associated with the core complex after a given concentration of detergent wash is comparable to that of the wild-type IV, indicating that these subunit IV mutants associated with the core complex in the same manner as the wild-type IV. In other words, interaction of subunit IV with the core complex through residues 81-84 is required only for reconstitutive activity, not for the association of subunit IV to the core complex. This is consistent with previous finding [5] that association of subunit IV to the core complex requires only the transmembrane helix region. However, a possibility exists that the interaction provided by these four residues does affect the binding affinity of subunit IV to the core complex, but it is too small to be detected by the method used. In the other words, the contribution of this region to the physical association of subunit IV to core subunits is weaker than the dissociation of subunit IV from the complex caused by the detergent treatment. Since the subunit IV mutant lacking the transmembrane region has no reconstitutive activity, regardless how high concentration of mutant protein used, it is clear that reconstitutive function of residues 81-84 requires the presence of transmembrane region to properly bind subunit IV to the core complex.
3.5. Residues 81-84 of subunit IV contribute to structural stability of the cytochrome bc 1 complex Fig. 2 shows differential scanning calorimetric (DSC) thermograms of three-subunit core complex, four-subunit wild-type complex, and reconstituted complex formed from the three-subunit core complex and recombinant, purified wildtype IV. The four-subunit wild-type complex undergoes thermodenaturation at a T m of 46.4°C with an enthalpy change (ΔH) of 97.6 kcal per mole. When the three-subunit core complex undergoes thermodenaturation, a T m at 42.1°C and ΔH of 55.2 kcal per mole is observed. These results indicate that the three-subunit core complex is structurally less stable than the four-subunit wild-type complex.
After addition of purified, recombinant wild-type IV to the three-subunit core, the resulting complex undergoes thermodenaturation at 46.4°C with a ΔH of 97.4 kcal/mole, similar to values observed for the four-subunit wild-type complex. This result confirms that in the absence of subunit IV, the complex is structurally less stable. However, it is unknown whether structural stability of the bc 1 complex requires just the physical association of subunit IV to the complex or needs interaction of subunit IV with the core complex after incorporation into the complex. This can be answered by comparing thermotropic properties of bc 1 complexes formed from the core complex and wild-type or subunit IV mutants having mutations at residues 81-84. If association of subunit IV to the complex is required for structural stability, one would expect the reconstituted mutant complexes to have thermotropic properties similar to those of the wild-type. If interaction of subunit IV with the core complex, after incorporation into the complex, is required for structural stability of reconstituted bc 1 complex, one would Fig. 2 . DSC thermograms of three-subunit core complex, four-subunit wild-type complex, and reconstituted complex formed from the core complex and recombinant, wild-type IV . The solid curve is the DSC thermogram of His6-tagged, four-subunit wild-type cytochrome bc 1 complex, 30 μM cytochrome b, in 83 mM phosphate, 8 mM Tris-HCl buffer, pH 7.4, containing 17 mM NaCl, 0.002% DM, and 3.3% glycerol. The curves with dotted lines or broken lines are DSC thermograms of His6-tagged, three-subunit core complex and the complex formed from the His6-tagged core complex and wild-type subunit IV (40 μM), respectively, measured under identical conditions as those for the wild-type complex. expect to see a decrease in thermotropic parameters (T m or ΔH) in the reconstituted complex formed from mutant subunit IV and the core complex. Table 3 summarizes T m and ΔH of bc 1 complexes formed from the core complex and subunit IV mutants. When reconstituted bc 1 complexes, formed with mutants IV(Y81A), IV(R82A), IV(Y83A), IV(R84A), and IV(81-84)A, are subjected to thermodenaturation, they show, respectively, T m s at 44.8, 43.7, 44.5, 43.8, and 42.3°C with ΔH of 91.2, 87.2, 89.2, 85.6, and 64.1 kcal/mole (see Table 3 ). They decreased by 1.6, 2.7, 1.9, 2.6, and 4.1°C in their T m values and by 6.2, 10.2, 8.2, 11.8, and 33.3 kcal/mole in their ΔH values, respectively, compared to the complex formed with wild-type IV. These results indicate that interactions of subunit IV, through residues 81-84, with residues in core subunits increase structural stability of the bc 1 complex.
Since hydrophobic interaction through phenyl groups at residues Y81 and Y83 and ionic interaction through positively charged groups at R82 and R84 are essential for reconstitutive activity of subunit IV, it is of interest to investigate whether these two types of interactions affect the structural stability of the bc 1 complex. When reconstituted complexes formed with IV(Y81T) and IV(R84E) undergo thermodenaturation, they show T m s at 43.6 and 43.2°C with ΔHs of 81.2 and 78.2 kcal/ mol, respectively, indicating that hydrophobic interaction through the phenyl group at Y81 or Y83 and ionic interaction through the positively charged group at R82 or R84 contribute to the structural stability of the bc 1 complex. Since reconstituted complex formed with the IV(Y81F) mutant has a higher reconsitutive activity, T m and ΔH than that formed with the IV( Y81T) mutant, it is likely that the hydrophobic interaction with the phenyl group at Y81 of subunit IV contributes more to the structural stability of the complex than does the hydrogen bonding provided by the hydroxyl group of this residue. However, this conclusion should be interpreted with caution, since the hydroxyl group on threonine has somewhat different ionization properties (i.e. pKa) than the hydroxyl group on tyrosine. The observation that the complex formed with IV (R84K) mutant has a T m at 46.4°C and ΔH of 97.4 kcal/mol, similar to that of the complex formed with the wild-type IV, further confirms the requirement of ionic interaction through positively charged group in R84 of subunit IV for structural stability of the bc 1 complex.
